In (6) (7) (8) . This is not due to biases introduced by transformation or hybridization, since overexpression of the VH7183 genes early in ontogeny was confirmed by "in situ" hybridization methods comparing VH gene family representation in B cells from fetal liver and adult spleen (9) and "natural" plasma cells of neonatal and adult mice (10). A similar preferential usage of the VH7183 gene family occurs in differentiating B cells of the adult bone marrow (11, 12) . These studies support the notion of developmental control in VH gene family repertoires determined by a nonrandom position-dependent rearrangement preference (13, 14) . These repertoires evolve thereafter in a strain-specific manner during B-cell maturation (9, 10, 15), but it remains to be established what mechanisms dictate the selection of the VH repertoires expressed in the peripheral B-cell pools of an adult mouse. It is likely that the antigenic composition of the environment may play an important role in the final modulation of the expressed repertoires (10).
Immunoglobulin heavy-chain variable-region (VH) gene segments in the mouse IgH cluster can be grouped into 12 gene families on the basis of nucleotide sequence similarities (1) (2) (3) (4) (5) . Analysis of VH gene expression has provided a quantitative tool for the global assessment of antibody repertoires. Abelson virus-transformed pre-B-cell lines from fetal liver and fetal and neonatal pre-B-and B-cell hybridomas preferentially express the most D-proximal genes of the VH7183 family (6) (7) (8) . This is not due to biases introduced by transformation or hybridization, since overexpression of the VH7183 genes early in ontogeny was confirmed by "in situ" hybridization methods comparing VH gene family representation in B cells from fetal liver and adult spleen (9) and "natural" plasma cells of neonatal and adult mice (10) . A similar preferential usage of the VH7183 gene family occurs in differentiating B cells of the adult bone marrow (11, 12) . These studies support the notion of developmental control in VH gene family repertoires determined by a nonrandom position-dependent rearrangement preference (13, 14) . These repertoires evolve thereafter in a strain-specific manner during B-cell maturation (9, 10, 15) , but it remains to be established what mechanisms dictate the selection of the VH repertoires expressed in the peripheral B-cell pools of an adult mouse. It is likely that the antigenic composition of the environment may play an important role in the final modulation of the expressed repertoires (10) .
We have now compared the VH gene family usage in the bone marrow (emergent) and splenic (available and actual) B-cell repertoires of germ-free and conventional (SPF) BALB/c adult mice. We found that VH gene utilization differs in these mice, suggesting that peripheral selection of VH gene repertoires is influenced by environmental antigens.
Exogenous antigens could modify the expressed repertoires either by direct stimulation of antigen-specific clones or indirectly by idiotype interactions mediated by the immunoglobulins produced in those responses (16) . If this was the case, administration of serum immunoglobulins could lead to changes in the expressed B-cell repertoires. Indeed, we found that the injection of purified isologous serum immunoglobulins into germ-free mice modifies VH gene family utilization. These results suggest that B lymphocytes and their products contribute to the selection of peripheral repertoires.
MATERIALS AND METHODS Animals. Inbred BALB/c mice raised in germ-free conditions for 40 generations were from CIBA-Geigy. Control SPF BALB/c mice were from the same stock and breeding facilities or from the Pasteur Institute. As no differences were observed between both stocks of control SPF BALB/c mice, they were used indifferently thereafter. For each experiment, mice were matched for age (8) (9) (10) (2) , a result that may explain the quantitative differences observed in the expression of the VGAM3.8 VH family in our studies and in previous reports (21, 22) . Changes in the levels of expression of VHJ558, however, do not correlate with the utilization of VGAM3.8 genes (10, 11, 23) . Similarly, although not detected in the present analysis, we cannot exclude the existence of crosshybridization between the X24 and 81-X probes for at least some members of the two families (9, 24) . The lack of correlation in the utilization of the 7183 and X24 families indicates that these probes detect different cell types.
Detection Limits of in Situ Hybridization. To establish the type of cells that were detected by in situ hybridization, we have analyzed the morphology of the labeled cells and quantified in the same spleen cell suspensions the number of cells labeled with the C, probe and the number of IgMsecreting cells. We have found that C, and VH gene probe- (27, 28) . Moreover, previous studies also indicate that VH family usage in LPS-activated cells is representative of the whole B-cell repertoire (10, 21) .
In BALB/c mice, VH family usage does not reflect gene numbers but seems instead determined by cellular selection (10) . In control (SPF) BALB/c mice the fraction ofthe VH7183-bearing cells decreases from 16.8%
2.1% in the B-cell population ofthe bone marrow to 8.2% 0.7% (P < 0.01) in the resting splenic B cells and to 4.8% ± 1.2% (P < 0.01) in the immunoglobulin-secreting cells of the spleen (Table 1) . Thus, the VH gene repertoire (emergent) of bone marrow B cells shows an increased utilization ofVH7183 genes when compared to the available and actual repertoires ofB cells and plasma cells of the spleen. The decreased expression of VH7183 genes in splenic B-cell pools of SPF BALB/c is accompanied by an increased utilization of the X24 family, which augments from 3.6% ± 1.0o in the bone marrow to 10.5% ± 1.1% (P < 0.01) in the immunoglobulin-secreting cells of the spleen, where it exceeds the expression of the 7183 family and, to a minor extent, of the S107 and 36-60 VH families (not significant) ( Table 1 ). The relative representation ofother VH families, such as the predominant VHJ558, is kept constant in central and splenic B-cell compartments (Table 1) .
Direct comparison between VH repertoires of control SPF and germ-free mice shows that although VH family utilization is similar in bone marrow B cells it differs in splenic actual repertoires, where germ-free mice use more commonly VH7183 genes (P < 0.01) and less frequently the X24 (P < 0.05), VGAM3.8 (not significant), and S107 (not significant) VH families ( (30) and in serum IgG levels (31), we next studied the effects of the administration of syngeneic immunoglobulins, purified from pooled sera of normal nonimmunized donors, on the VH gene family repertoires of germ-free and SPF BALB/c mice ( Table 2 ). The doses of immunoglobulin administered were chosen such that serum concentrations achieved in germ-free mice would be comparable to those of untreated SPF mice. We found that injection of isologous immunoglobulins into germ-free mice reduced the utilization of the VH7183 family in bone marrow (from 18.2% in untreated to 8 .7% in immunoglobulin-treated germ-free mice, P < 0.01), splenic B (from 17.4% to 7.4% ± 3.9%, P < 0.01), and plasma cells (from 16.5% to 3.8% ± 1.8%, P < 0.01) to values similar to those observed in the peripheral B-cell pools of SPF mice-i.e., ofabout 4.8-8.2% (Tables 1 and 2 ; Fig. 1 ). These effects were accompanied by an increased expression of the VHX24 family in peripheral plasma cells (it augments from 0.5% in bone marrow B cells to 6.7% ± 3.4% among plasma cells, P < 0.01) and by a decreased peripheral expression of the VGAM3.8 genes ( Table 2 ). In contrast, immunoglobulin treatment of SPF BALB/c induced an increased expression ofthe VH7183 family among bone marrow B cells (28% in immunoglobulin-injected vs. 16 .8% ± 2.1% in control mice) and of VHJ606 genes in the immunoglobulinsecreting B-cell repertoire (compare 14.8% ± 5.7% in treated with 5.6% ± 1.6% in control SPF mice, P < 0.01) and slight but nonsignificant modifications in the usage of the VGAM3.8 and S107 VH families (Tables 1 and 2 ). The representation of the most commonly used VH gene family, VHJ558, was not significantly modified by immunoglobulin treatment of either germ-free or SPF mice (Fig. 1) .
These results show that serum immunoglobulins can participate in the final selection of antibody repertoires. Immunology: Freitas et al. 0.5 ± 0.3 33.2 ± 2.9 11.8 ± 1.7 12.5 ± 4.0 6.7 ± 1.5 5.9 ± 1.2 4.3 ± 2.9 10.8 ± 1.8 11.1 ± 0.4 SPF SPL -0.6 ± 0.3 35.8 ± 7.9 14.8 ± 5.7 12.9 ± 3.5 3.6 ± 0.1 4.4 ± 0.3 4.7 ± 2.0 12.7 ± 4.6 7.9 ± 3.1 The values shown represent the mean ± SEM of two (bone marrow) or three (spleen plus LPS or SPL) different experiments using pools of two or three mice. Results are expressed as in Table 1 . Preliminary results indicate that the VH11 and VH1O gene families represent 1-5% of the total VH genes expressed and their expression does not differ among bone marrow and spleen B cells of immunoglobulin-treated germ-free and SPF BALB/c mice (not shown).
DISCUSSION
In the present study we found that the pattern of VH gene usage differs in conventional SPF and germ-free BALB/c mice. Thus, whereas in control BALB/c the maturation of the immune system is accompanied with changes in VH gene expression leading to a decreased utilization of the VH7183 family and an increased frequency of the VHX24 family in the adult peripheral B-cell repertoires, in germ-free mice the levels of expression of the VH families studied were kept constant in central and peripheral tissues. These results indicate that VH family usage may be determined by selection events modulated by environmental factors (i.e., selected in normal animals before intentional immunization).
The increased usage of the VHX24 family in the peripheral repertoires of conventionally raised mice is likely to be induced by bacterial colonization. In fact, the VHX24 family includes antibody specificities toward f8-galactan that are common antigens of commensal bacteria (24) Immunology: Freitas et al.
Environmental adaptation of the antibody repertoires in the course of maturation may change immune system dynamics affecting selectively the expression of VH7183 genes. This process must be absent in germ-free mice, since their VH family repertoires mimic those of neonatal BALB/c (10, 11, 29) . We found that the administration of isologous immunoglobulins from normal adult mice was able to selectively diminuish the usage of the VH7183 family in germ-free mice. Serum immunoglobulins from normal BALB/c donors could merely serve as carriers of exogenous antigens or directly modify the dynamics of B-cell selection. These changes may be due to the elimination of cells expressing VH7183 gene products by specific idiotype-like interactions (16) , which have been documented to induce idiotype suppression in newborn mice (35, 36) . Expression of the VH7183 family correlates well with antibody multireactivity of recently formed B cells (37) , which can be more readily silenced than mature B cells (38) , and deletion of VH7183-bearing cells was shown to occur at the pre-B-cell level in the bone marrow of adult SPF BALB/c mice (11) .
Serum immunoglobulins could also affect utilization of the VH7183 family through a nonspecific feedback regulation of bone marrow B-cell production (unpublished data). In this case, since most of the recently formed B cells express the VH7183 family, the decreased bone marrow B-cell production could result in the selectively reduced representation of the VH7183 family in central and peripheral B-cell pools, without requiring immunoglobulin variable-region-mediated interactions. The differential effects of serum immunoglobulins in SPF and germfree mice could then relate to different kinetics of cells bearing VH7183 genes, suggesting that in germ-free mice, like in neonates, most peripheral VH7183-bearing cells represent an unselected population with a recent marrow origin (11) .
Immunoglobulin treatment also leads to a different modulation of the VHX24 family in the B-cell compartments of germfree mice (compare Tables 1 and 2 ) and to minor changes in the usage of the VGAM3.8 and VHS107 gene families. It induces a significant increase in the representation of the VHJ606 family among immunoglobulin-secreting cells of SPF mice (Tables 1  and 2 ). Interestingly, an augmented utilization of the VHJ606 accompanied by a reduced expression of VH7183 genes occurs in the plasma cell repertoire of autoimmune motheaten (mev) BALB/c. These changes may correlate with the high serum immunoglobulin levels present in these mice (39) .
These findings may have clinical relevance. In fact, several reports have described the beneficial results of normal human IgG administration in autoimmune diseases (17, 40) , but little is known about the long-term effects ofthese manipulations in the immune system. The present results demonstrate that, whatever the mechanisms involved, the bulk introduction of polyclonal serum immunoglobulins can affect the final selection of antibody repertoires. A similar situation was found studying VH gene family utilization in immunoglobulin transgenic mice, where the genomic introduction of a foreign immunoglobulin molecule, expressed early in development and abundantly throughout life, modifies the VH gene family repertoires of B cells expressing endogenous gene products (41, 42) .
In conclusion, the present findings indicate that if the establishment of the VH gene repertoires is initially controlled by a genetic program leading to nonrandom position-dependent preference of rearrangement and expression, repertoires are thereafter progressively modulated by selective mechanisms that ensure diversification and a broader utilization of the potential repertoire. The finding that germ-free mice maintain a "fetallike" VH repertoire that can be modified by the administration of pooled immunoglobulins from normal unimmunized BALB/c mice establishes the role of environmental adaptation and feedback regulation by serum immunoglobulins in the selection of "preimmune" B-cell repertoires.
